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Abstract: This paper describes early stage research into the development of a common
standard for measuring clay hardnesses in craft and design practice. The research has
emerged in the context of the development of 3D printing with ceramic paste. The
paper initially provides the wider context and motivation for research followed by a
review of the development of this new area of practice – an area of innovation that
has largely been driven by individual design practitioners through an open source approach. The paper also outlines existing approaches for measuring the plasticity and
hardness of clay. The paper presents key research objectives in the aim of establishing
low-cost methods that can be used for measuring ceramic paste consistencies for 3D
printing, as well as other ceramic production methods. In response to this research
challenge a 3D printed design for a simple measuring devise based on the ‘Fall Cone’
principle is presented.
Keywords: ceramics, paste 3d printing, open source, instrument making

1. Introduction
This paper takes inspiration (and title) from the opening chapter of Bernard Leach’s seminal
A Potter’s Book (1940). This volume has long been considered one of the most influential
books in terms of developing craft and studio ceramics in the UK. In Towards a Standard
Leach sets out his vision for developing a new craft pottery tradition (1940, pp.1–27). It is a
vision which, in parts, is heavily opinionated with Leach’s obsession with Chinese and Japanese ceramic traditions repeatedly expressed - as well as a disdain for the output of the British ceramic industry. Leach also appear to express opposition against the use of machinery
to aid the production ceramic art but largely in relation to the division of labour, experienced
in the ceramic industry at the time of writing. While Leach’s text seem to focus on an argument for achieving certain standards in relation to aesthetics based on oriental ceramic traditions, other elements of the text are far more progressive in terms of developing new aesthetic traditions, this is expressed in sections such as: “we live in dire need of a unifying culture out of which fresh traditions can grow” (Leach, 1940, p. 10), and further; ‘the necessity
for a psychological and aesthetic common foundation in any workshop group of craftsmen
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cannot be exaggerated, if the resulting crafts are to have any vitality” (Leach, 1940, p. 11).
Passages like these has provided significant inspiration for this research, in particular the notion that new production methods (such as 3D printing) can be the foundations for a new
generation of ceramic practitioners. It is based on this vision this research is undertaken,
with an aim to work to towards collaborative tools and shared standards that can help develop new and viable creative practices with the ceramic medium.

2. Brief outline of background and cotemporary context
2.1 Devolvement of 3D printing technologies and impact of open source
innovation in the additive layer manufacturing sector
The term ‘3D Printing’ covers a wide range of technologies that all have the common principle of constructing physical objects in layers from 3D digital design files. Other terms covering the same group of theologies include Additive Layer Manufacturing (ALM or AM) (Gibson
et al., 2014). The main development of the concept was undertaken in the 1980’s
(3dsourced, 2020), with two key ALM technologies first emerging: Stereolithography (SLA)
and Fused Deposition Modelling (FDM). The STL method is based on a method of solidifying
layers of resin through the exposure to a laser beam (Hull, 1986). While FDM is based on a
principle of extruding plastic filament in layers (Crump, 1992). Both principles were the basis
for establishing 3D Systems and Statasys as the leading commercial 3D printing companies.
The FDM and SLA technologies along with Selected Laser Sintering (SLS), which creates objects by melting polymers powders via laser beams, as well as inkjet based binder-powder
systems, constituted a relatively small 3D printing sector throughout the 1990’s and into the
early 2000’s (Wohlers, 2008). A few other technologies and companies also entered the sector in this period, but despite steady growth the 3D printing market, the sector remained
somewhat specialist and the cost of equipment and consumables remained very high. This
situation largely prohibited individual practitioners to acquire, use or innovate in this field.
However, towards the end of 2000’s the structure of this industry was significantly disrupted
by the REPRAP project (Jones et al., 2011). This research project was led by Adrian Bowyer at
the University of Bath and resulted in the development of a low-cost FDM 3D printer. The
construction of the printer was based on the use of 3D printed parts in combination with
cheap, of-the-shelf, components. This design approach enabled the REPRAP 3D printer to
manufacture a significant amount of its ‘own’ parts which could then be used to construct a
replica printer. However, it is relevant to highlight that the intention of the project was not
to create a design for a machine to compete in the established 3D printing sector, but to investigate the notion of machine self-replication and evolution (Jones et al., 2011). This idea
was facilitated by the complete blueprint of the REPRAP machine being made available via
an open source licence, enabling anyone to build their own version of the machine (see Figure 1). This resulted in an innovation boom in the 3D printing sector with a large number of
start-up initiatives in the late 2000’s and early 2010’s (Barnatt, 2014). Companies established
in this period include Ultimaker and Formlabs, but Makerbot Industries is perhaps one of the
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most iconic examples from this period, with the development of the company documented
by the founder, Bre Pettis, in Abel et al., (2014, pp.76–82).

Figure 1. RepRap v 2 'Mendel'. Self-replicating 3D Printer. Photo: The REPRAP project, 2009 (reproduced under Creative Commons license).

2.2 The development of paste based ceramic 3D printing
The 2010’s saw many new start-up companies entering the 3D printing sector offering iterations of machines based on the REPRAP knowledge predominately using an FDM approach
with polymer filament as the building medium, however many diverse digital fabrication
concepts were also proposed by independent innovators in this period, which were far more
explorative in terms of materials and processes. Ceramics was among the ‘new’ materials explored in the connection with this innovation growth in 3D printing. Belgian Design Studio
Unfold, was first to establish a REPRAP based 3D printing system with clay paste (see Figure
2). This was done in 2009 by adapting a basic REPRAP system replacing the filament print
head with a system capable of 3D printing objects with soft clay paste (Verbruggen, 2014).
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Figure 2. Ceramic 3D paste printer by studio Unfold 2009. Photo: ©Z33 Kristof Vrancken 2010 (permitted reproduction).

British ceramicist, Jonathan Keep, who had long been interested in pursuing the possibility
of ceramic 3D printing, travelled to Belgium to learn about Unfolds system and subsequently
began an in-dept exploration of the process (Keep, 2020b). In many ways Keep has led the
development of ceramic 3D printing during the last decade, delivering numerous master
classes around the world and exhibiting work at high profile venues (example of Keep’s work
is illustrated in Figure 3). Keep’s successful use of the open source concept can be seen as a
good example of how the notion can effectively be used as a viable business model as outlined by Raymond (2010). Keep’s embrace of the open source approach has resulted in his
knowledge being extensive documented and shared via online forums such as Thingiverse
and Wikifactory, with findings also compiled in how-to documents such as; A Guide to Clay
3D Printing (Keep, 2020a).
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Figure 3. 3D printed Mandelbulb Funerary Urn by Jonathan Keep 2020. Photo by: Keep J. 2020 (permitted reproduction)

3. Challenges in establishing a shared standard for clay hardness
3.1 Conventional systems and approaches for measuring plasticity and
hardness of clay
The term ‘ceramics’ is broadly used to define clay, and/or minerals, that has been hardened
through the applications of heat so no longer soluble in water. The manufacture of ceramic
products is fundamentally dependent on the plasticity characteristics of clay. The broad definition of plasticity is where a (clay) body has a level of water that makes it malleable and
thereby capable of being shaped without fracturing. The Swedish scientist Atterberg first
identified plasticity as the particular characteristic of clay (Atterberg, 1911). Atterberg characterised plasticity as a result of the small size and flat shapes of the clay particles. He provided a scale in which plasticity in clay-water mixture occurs, known as ‘Atterberg limits’. Atterberg defined a minimum water content (and resulting ‘hardness’) as the “plasticity limit”.
While at the other end of the scale, where the level of water in clay/water mixtures mixture
changes from a ‘plastic’ to ‘liquid’ behaviour was defined as the “liquid level” (Atterberg,
1911).
The wide ranging variability in both natural and manufactured mixtures of clay makes measuring plasticity a very challenging task. Andrade et al. reports that: “Despite the advance in
the theory of the plasticity and the methods of measurement, a common procedure for all
types of materials does not exist” (2011, p.1). To measure clay for the purpose of manufacturing ceramic products a number of approaches are used. The ‘Pfefferkorn’ test is based on
a method where a clay sample is shaped into a small cylinder and placed in a testing devise
which releases a plate to compress the sample. The level of compression (in combination
with a visual inspection) can then be used to calculate the clay’s plasticity and hardness (Andrade et al., 2011). Rheology based test devises also exist to establish these parameters. Capillary Rheometers are based on an extrusion approach where the clay sample is measured
by forcing the sample through a die while measuring the speed of the extrusion at a given
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pressure (Händle, 2007). Another rheology testing approach is the ‘Torque Rheometer’. This
instrument works on a principle where the sample is subjected to motorized mixing and the
force (torque) required for mixing blades to mix the clay is recorded and used as way of
measuring clay hardness and plasticity (Andrade et al., 2011). However, perhaps the most
commonly used testing principle for clay and soil hardness is based on a penetration approach. In the field of soil engineering, a ‘Fall Cone’ devise is widely used. This devise is
based on the use of gravity to sink a weighted 30º or 60º steel cone into a sample and using
the depth of penetration as the basis for measurements (Hansbo, 1957). This is typically
done to determine the liquid limit of a particular soil/clay sample. In the ceramic industry
the Fall Cone approach is not commonly used, but instead a different penetration method is
used through handheld ‘Penetrometers’ (Aungatichart et al., 2006). This kind of devise is
also known as a ‘Pigsticker’ (see Figure 4). The instrument is based on a simple principle
where a spring-loaded spike is forced into the clay body and the dept of the penetration is
indicated on a scale. The instrument is very rarely used in craft practice (perhaps due to
cost), but is likely to be the most commonly used clay hardness testing devise in the ceramics industry, despite the devise having limited accuracy. Aungatichart et al., (2006) provides
an in-dept study of this testing tool and reports that there are variations in geometries of the
devise depending on the manufacturer – for example the cone angle ranges from 12 to 16º
(p.830). The calibration of the spring, which is critical to the readings, is also reported as being inconsistent. Furthermore, the devise is sensitive to operator error, in particular the velocity by which the instrument is applied to the clay sample can result in significant variations in the readings (Aungatichart et al., 2006, p. 832).

Figure 4. Penetrometer type clay hardness tester, also known as a ‘Pigsticker ‘. Photos: T Jorgensen.
2020

In conclusion, no agreed scale (or standardised testing devise) appears to exist to determine
clay hardness. There are variabilities in terms of different sectors approaches and manufacturers of test devises have seeming been taking individual approaches rather than adhering
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to a common standard. Furthermore, many of the testing devises outlined above are expensive, including relatively simple devises, such as the Pigsticker – which typically costs around
$400. The lack of accuracy combined with high cost is highly likely to have resulted in a low
uptake of the use of clay hardness testing devises, particularly among individual ceramic
practitioners in the craft and art sector. This situation provides part of the rational for undertaking this research.

3.2 Research challenges in terms of measuring clay paste for 3D printing
The clay paste used for 3D printing is of a consistency that is not typically employed in conventional production of ceramics – either within craft or industrial manufacturing contexts.
The consistency of the clay has to have a sufficient water content to be ‘sticky’ so that the
3D printed layers adhere to each other, but still firm enough to from a structure without collapsing under its own weight. Furthermore, the clay paste has to have a softness that enable
it to flow through the nozzle of the printhead, and potentially also to travel from a separate
supply container to the printhead. In the current generation of 3D clay printers the supply
container is typically located away from the printhead with the clay supplied via a flexible
pipe. This principle is used in by the company WASP, which is the leading supplier commercial ceramic 3D printers (WASP c/o CSP S.r.l, 2021). Compressed air has typically been employed as the way of forcing the clay from the supply container to the printhead. In this approach the capacity of compressed air systems is a limiting factor in what hardness of clay
can successfully be delivered. Some systems now employ mechanical rather than pneumatic
delivery of the clay (Cara, 2020) (Berezkin, 2021) (Van Herpt, 2020). Such mechanical clay delivery systems are powered by stepper motors which are capable of pushing clay of much
greater hardnesses through the print system. However, Keep has carried out extensive test
on various hardnesses for printing clays and conclude such hardnesses can led to problems
such as delamination of the print layers and concludes “lack of any discernible advantage of
using stiff clay” (Keep, 2020a, p. 55).
It seems that the 3D printing application will inherently require a consistency of clay that is
significant softer than is used for conventionally shaping methods. The requirement for a
clay consistency that is different from conventional making practices presents challenges in
finding descriptive terms for this consistency. Keep describes the required clay consistency
as a “healthy cowpat quality” (Keep, 2020a, p. 18), and establishing instruments for testing
this particular clay consistency has proved challenging. Several practitioners have proposed
rheology based testing methods which are quite similar to the approach of a ‘Capillary Rheometer’. However, without access to such advanced and expensive lab grade equipment, individual practitioners have demonstrated low-cost and innovative DIY solutions. These include the use of basic plastic syringes filled with clay paste and then recording the pressure
needed to push the paste through the nozzles by pressing the syringe plunger against a digital scale (Hardie, 2016).
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Figure 5. Rheology based testing approach by Jonathan Keep, using a digital scale to measure the
force required to press clay through a syringe. Photos: Keep, J. 2018 (permitted reproduction).

This approach has also been demonstrated by Keep (see Figure 5) alongside several other
testing methods. These include deferent rheology based approach measuring the distance
that a clay sample travels within a 6mm plastic pipe while being exposed to a particulate air
pressure (Keep, 2020a, p. 57). However, rheology based testing is predominately appropriate for clay pastes used for 3D printing, and such methods will struggle to measure clay
hardnesses that are used in conventional ceramic making techniques, such as throwing,
press moulding and extrusion. An alternative, and more versatile testing method, is proposed by Keep through his “Drop Spike” design (Keep, 2020a, p. 78). This is a crude, but effective, DIY version of the Fall Cone approach. Keep’s version consists of a round steel rod
with one end ground to cone of approx. 60º. The spike is cut and ground to have weight of
200grams (which equites to length of around 328mm). A copper tube, constructed from
plumbing parts, to a length of 200mm, is used as a sleeve to ensure the spike is dropped and
guided into the clay from a consistent height. A mark on the spike, 100mm from the tip, provides a guide to position against the top edge of the sleeve, this ensures the spike is dropped
from a consistent height of 100mm. After the spike has been released into the clay, Keep has
a practice of rotating the spike to ensure a defined clay residue ‘tidemark’ is left on the
spike, which indicates the level of penetration. The distance from this mark to the end of the
tip is then recorded as the reading of the clay hardness, this process illustrated in Figure 6.
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Figure 6. The use of the ‘Drop Spike’ clay hardness tester by Jonathan Keep: Photo by Keep, J. 2018
(permitted reproduction).

4. Proposal for 3D printed clay hardness tester
4.1 Rationale for further development of the Fall Cone/Drop Spike concept and
the use of 3D printing for fabricating the design
Clay is a challenging medium to work with for experienced practitioners as well as novices.
One of the most critical aspects in regards to achieve successful outcomes with this medium
is to use the correct hardness of clay in relation to particular production methods. Establishing low-cost equipment that can reliably and accurately measure the scale of clay hardness
could have significant potential in facilitating knowledge and experiences to be shared
among practitioners. The design we are proposing to address this challenge is based on a
further development of Keep’s Drop Spike version of the Fall Cone testing approach. The
proposal includes a number of alterations in relation to Keep’s design to enhance the accuracy, ease-of-use and distribution of the hardware. As an initial step in this research a copy
of Keep’s design was constructed to investigate Keep’s design at first-hand. Our version of
the Drop Spike consists of a stainless-steel rod with a 3D printed sleeve (instead of the copper tube). In tests this devise worked relatively well, however we found the clay residue ‘tide
mark’, which should indicate how far the spike has penetrated into the clay, was at times,
hard to identify. Instead, we utilised a method of measuring the length of the bar which is
left sticking out of the sleeve and calculated the penetration depth from this figure. Using
this measuring approach, the depth of the penetration into the clay, and in turn the clay
hardness, could be established with good levels of accuracy. However, we considered that
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there were still aspects of Keep’s design that could be developed further, and in response
we began developing a design for a 3D printed clay hardness tester, which incorporate elements of the Pigsticker as well as Keep’s Drop Spike approach.

4.2 Details of the design proposal
As highlighted above the main parts of this design proposal are fabricated via 3D printing.
The rationale for this approach is that the design can very easily be shared as digital files and
printed locally by ceramic practitioners anywhere in world. The design is primarily intended
for FDM 3D printing – a technology that is now widely defused and affordable 3D printers
are now available for under $150. In case a practitioner does not have their own FDM 3D
printer, the design can also be fabrication via 3D printing bureaus, such as Shapeways
(Shapeways, Inc, 2021). Other advantages of a 3D printed version of the clay hardness tester
is that the overall accuracy of the devise can more easily be achieved compared with a tool
that is constructed manually. Especially the specific angle of the tapered spike can be tricky
to achieve by manually grinding a metal bar. Using 3D printing a very accurate tapered cone
can easily be reproduced, providing practitioners with standardised equipment.
While the main parts of this design are fabricated via 3D printing, a ‘weight’ element is still
needed and for this element we have initially proposed the use a 10mm round metal bar for
this purpose, with the 3D printed spike element designed with a slot to hold this bar tightly
in place. The taper on the spike is designed to be 15 degrees – closely aligned with the angle
of the spike of a Pigsticker tester. The rationale for this steeper angle is that 30º or 60º angles, utilised in Keep’s design or with soil testers, are unlikely to perform well in differentiating harder clay consistencies. The 3D printed spike part has been designed a flat side so a
printed scale can be glued to it, thereby enabling readings to be done without the use of a
ruler. This flat side is also advantageous in terms of the 3D printing process as the geometry
of the spike is then largely self-supporting during 3D printing with only the spike tip constituting an overhanging section that requires printing with a support structure. Just like Keep’s
approach, the spike part of this design incorporates a mark 100mm from the tip, thereby facilitating a replication of Keep’s approach of dropping the spike from this mark when aligned
from the top edge of the sleeve. The shape of this sleeve has been designed with a wide
base to prevent it from sinking into the clay – thus providing more inaccurate readings. The
internal corner of the base of the sleeve has been designed with a 15mm radius fillet to enable clay to displaced by the entry of the spike to ‘raise up’ as a result of displacement of clay
by the cone penetration (Hansbo, 1957, p. 12). This design feature has been added to ensure
accurate and consistent readings.
The printing filament chosen for this design is PolyEthylene Terephthalate Glycol (PETG).
Other common polymer printing filaments, such as PolyLactic Acid (PLA), should also work
but PLA can distort if exposed to heat or strong sunlight which presents the risk of the accuracy of the devise being compromised. The version of the design illustrated in this paper was
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been printed on an Ultimaker 3 with the spike positioned diagonally thereby enabling it to fit
on the printing bed (see Figure 6).

Figure 6. 3D Printing of the clay hardness tester on an Ultimaker 3. Photos: T. Jorgensen 2020

Depending on the 3D printer model used, printing diagonally might have a slight impact on
accuracy. We found that the spike was the slightly short with this printing orientation and it
was necessary to scale it by +0.55% to achieve the accurate length. The sleeve was printed
upright and was found to print very accurately at the 200mm height.
For the overall weight for the spike part we followed Keep’s specification of 200grams and as
previously mentioned utilised a 10mm steel round bar, which can readily be sourced from
numerous online steel vendors. testing devise. The length of the bar effectively determines
the weight of this element. In this design the length of the bar is 285mm, which equate to
171.3grams. The weight of the 3D printed part of the spike is 28.7grams, using PETG as the
printing material with 100% infill setting. In combination with the steel bar the total of the
spike element the desired 200grams (see Figure 7). Fine tuning the weight of the bar can be
done by filling/grinding, or if additional weight is needed, metal swarf (from the cutting the
bar) can be added inside the slot in the 3D printed spike element before the bar is inserted.
For the measuring scale aspect, a very simple millimetre rule was designed in PDF format.
This scale can be printed on any inkjet or laser. This scale is cut out and glued to the spike,
while resting the spike within the sleeve on a hard surface and using the top edge of the
sleeve to determine the correct position (see Figure 7). Finally, it is advisable to cover the paper scale with a piece of cello tape, so the spike is wipeable. All the files and instructions to
create a copy of this clay measurement tool have been uploaded to the Wikifactory website
for practitioners to test and utilise https://wikifactory.com/+cfprceramics/clay-hardnesstool. Illustration of the components and schematic use of clay hardness tester is provided in
Figure 9.
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Figure 7. Finalising the 3D printed testing tool by attaching the scale and adjusting the overall weight
of the spike to 200grams. Photos: T. Jorgensen 2020.

5. Initial tests results
While an extensive set of tests are yet to be carried out, some interim results of the performance of the 3D printed clay hardness tester in relation to both Keep’s Drop Spike design
and readings from a commercial Pigsticker devise have been recorded. The results are based
on a set of three recordings being carried out on each of the clay samples and calculating an
average figure of the tests.

Figure 8. The 3D printed clay hardness tester in use, with closeup of the measuring scale to the right.
Photos: T. Jorgensen 2020.
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The same type of clay body (Sibelco Stoneware KMW 02/25) was employed in all of the tests
to ensure consistency (obviously with different water content to achieve a range of hardnesses). We found that it is important to wipe the end of the spike to ensure accurate tests,
as leaving wet residue from a previous test seem to result in the spike sinking deeper on a
subsequent test. The data from the initial tests are presented in Table 1 below:
Table 1. Indicative readings of three clay hardness testing devises: ‘Pigsticker’, J Keep’s ‘Drop Spike’
and the 3D printed clay hardness tester presented in this paper. These initial results are
based on sets of three recordings being carried out on each of the clay samples, calculating
an average figure (in mm) of these tests.
Clay Consistency /typical use

Pigsticker

JK Drop Spike

3D Print tool

Very soft Clay
(3D printing)

0.2

5

5.4

Soft Clay
(3D printing)

2

3.05

3.6

Medium Soft Clay
(Throwing)

3

2.5

3

Medium Clay (Throwing)

5

1.75

2.3

Firm/Hard Clay (Extrusion)

8

1.3

1.9

For the Pigsticker higher numbers represent harder clay, while for the Drop Spike and the 3D
printed tool, higher numbers represent a softer clay. Qualitative data (in the shape of researcher observations) from the tests indicate that the readings from the Pigsticker does
seem to vary depending on the speed that the devise is applied to a clay sample. This corresponds with the findings of Aungatichart et al (2006), where human error by the operator in
large parts was found to be a course for deviation in the test recordings. However, in terms
of the ease of use the authors found that the Pigsticker was the quickest to use. The accuracy of the proposed design based on these tests, is still difficult to establish as there are no
definitive scale or standard of measurement in this area of practice to assess the performance of this design against. Essentially this research is intended as a contribution towards
developing such a standard.
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Figure 9. Illustration of the components of the 3D printed clay hardness tester and schematic use of
the tool: A: 3D printed sleeve, 3D printed spike, C: 2D printed measuring scale, D: Round
metal bar, E: Complete assembled spike, H: Clay sample, F: Hardness tester in pre-position
before being realised into the clay sample, G: Clay hardness test reading position.

6. Discussion and further work
6.1 Aim and objectives in relation to initial design
To reiterate the aim of this research is to contribute to efforts to establish a common standard for measuring clay hardness, primarily for use in the design and craft sector and to develop a measuring tool that can deliver accurate measurements in relation to this scale.
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Objectives to address this aim include:
• To develop a low-cost measuring tool design
• To use or develop of a common clay hardness scale for ceramic practices
• To develop a highly accurate measuring tool
• To develop a measuring tool that is easy to use
• To develop a versatile measuring tool, capable of use with wide range of clay
hardnesses
• To develop a design that is adaptable in response to user experiences via an
open source approach
The proposed design has already meet many of these objectives. The measuring tool presented can be manufactured for less than $10. The design is freely assessable as downloadable files. The accuracy of the tool appears to be high (although further data is needed).
The tool is easy to use with little risk of user error and the angle of the spike aspect enable
readings to be made from hard clays with very little water content ranging to very soft clay
pastes that are used for the 3D printing application. In relation to the last point, it is likely
that rheology based testing systems may also provide valuable and complementary test results. However, low-cost rheology tests methods, are likely to only work with paste consistencies, while a penetration test approach, such as the one utilised in this design, have a far
greater range and thus present the possibility of constituting a single, versatile, testing instrument capable of measuring most plastic clay consistencies.

6.2 Further developments
The authors fully recognise that multiple aspects of the design are likely to be improved to
enhance the performance of the instrument. Specific areas for improvement which have already identified includes the measuring scale and alterative to the steel bar to provide the
weight for the spike element.
In relation to the aspect of which scale that is used to quantify the clay hardness, the design
outlined in this paper simply utilises millimetres. Other researchers and practitioners have
suggested that it would be useful to adopt a scale which is based on, or relates to, ‘Specific
Gravity’. Specific Gravity is used as the scale for measuring water content in soil (Gs). However, measuring Gs in a clay paste would require that the volume of a specific sample would
be analysed in relation to the weight of the sample and then triangulated with measurement
of the clay hardness tester. Such an approach is likely to have some practical difficulties, particularly with harder clay consistencies, and overall this approach is likely to result in measurement being considerably more time consuming. Regardless, the authors would warmly
welcome exploration and suggestions of alternative scales that links to standards in other
disciplines which could enable an exchange of knowledge in wider interdisciplinary contexts.
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In terms of the use of a steel bar as the weight element in the spike, the authors recognise
that this element of the design is likely to be another obvious initial target for improvements. An alternative could be to develop a design where the weight element would be
sourced as a separate component but instead be a universally available medium, such as water or sand. Further design developments with this approach are already being considered.

7. Conclusion
The design of the clay hardness tester presented in this paper is an iteration of the Fall Cone
testing approach employed in geotechnics engineering in combination with inspiration from
Keep’s low-cost version of this devise. The authors considers that the design detailed in this
paper constitutes a significant knowledge contribution towards a concept for a highly accessible instrument for measuring clay hardness, and in turn, also a knowledge contribution
that can help to establish a common clay measuring scale. However, the authors fully recognise that improvements to this initial design can be made and have already identified aspects which could benefit from improvements. The intention of releasing this early version is
to gain initial feedback from users to inform design updates. Users are also encouraged to
engage in the collective development in this area and carry out modification to the tester
themselves and release these improvements back into the community through an open
source approach.

Figure 10. 3D printed clay hardness tester. Photo: T. Jorgensen 2020
Acknowledgements: The authors would like to acknowledge the Arts and Humanities
Research Council (AHRC) and Research England for providing funding which enable this
research to be carried out.
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